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We have studied H + + He ionizing collisions, and find that electrons stranded between the two postcollision Coulomb centers dominate the ejected-electron spectra for intermediate ( = 100 keV) projectile
energies. The importance of these electrons is clearly established by our classical calculations, which are
i n qualitative agreement, in both shape and magnitude, with experimental spectra taken by us, and with
earlier measurements. These "saddle-point" electrons are produced by a classically understandable
mechanism, and are unambiguously observed at nonzero scattering angles.
PACS numbers: 34.50.Fa

Electrons produced in ionizing collisions a r e generally
associated either with the ionized target or with the
receding projectile. In the first case, target electrons can
be removed impulsively and placed into a continuum
state ("impact" ionization), o r into an autoionizing state
of the target. In the latter case, the electron is captured
into a continuum or autoionizing state of the projectile
via "charge transfer to the continuum" ( C T C ) or
"transfer ionization." Essentially all discussions of ionization in the literature have been based on this standard
picture. In this Letter we present calculations and measurements to demonstrate that electrons stranded between the two nuclei make a dominant contribution to
intermediate-energy ionizing collisions.
Several years ago in theoretical studies of the ionization of atomic hydrogen by protons at intermediate energies. Olson' observed a significant enhancement of the
number of electrons with post-collision velocities close to
vp/2, where vp is the velocity of the projectile. H e attributed this enhancement to the "stranding" of electrons on
the transitory saddle region of the electric potential between the two protons. More recently, again in calculaH ionizing collisions, but a t low energies
tions of H
(EI
15 keV), Winter and in^ found that the inclusion
of an additional basis set placed midway between the
protons led to dramatic improvement in the agreement
between their calculations and the measured total cross
sections of Fite et a/. Implicit in this improvement is
the existence of a significant fraction of ionized electrons
whose velocities are approximately half that of t h e projectile. In a paper last year,4 Olson gave details of the
electron energy distributions for his earlier calculations.
Recently, Meckbach et
discussed several points
with respect to this problem and concluded, following the
+
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reanalysis of relative cross sections taken by Meckbach,
Nemirovsky, and ~ a r i b o t t i ,that
~
electrons associated
with the Coulomb saddle point would be seen in velocity
space as a ridge stretching between the poles of electron
population at v, = O and v, =vp Absent from their measurements on H e ionization by protons,

was information about ejected electrons in velocity space
near v, =vp/2, and at angles greater than 2.5". In contrast, we will show that the saddle-point electrons a r e a
global phenomenon which dominate ionization cross sections a t intermediate energies. T h e saddle-point mechanism is not to be confused with "Wannier" ionization,
valid only near threshold for electrons ejected a t 00.' In
this Letter, we report unambiguous observations of
saddle-point electrons, and present absolute theoretical
calculations which are in qualitative agreement, both in
shape and magnitude, with our measurements as well as
those of R u d d and collaborators. '-I0
T h e saddle-point electrons a r e due to a classically understandable phenomenon, in which the electric field of
the projectile pulls the electron out of the target atom,
but moves on, leaving it stranded between the two postcollision Coulomb centers. Thus, to study reaction ( 1 )
we have employed the three-body classical-trajectory
Monte Carlo ( C T M C ) method'' using the independentelectron mode^.'^,'^ An effective charge of 1.6875 and
an ionization energy of 0.903 a.u. was used for the helium ion and atom, respectively. The C T M C method includes all the forces between the H + , ~ e + and
, e - and
inherently provides a consistent treatment of the ionization and charge transfer reactions.

@ 1987 T h e American Physical Society

VOLUME59, NUMBER1

PHYSICAL REVIEW LETTERS

Figure 1 compares our calculated absolute ionized
electron energy distribution, integrated over all angles,
with the experimental results of Rudd and adi is on" for
100-keV incident protons. We note that our calculated
total ionization cross sections for reaction (1) are within
20% of the accepted valuesI4 for energies between 60
and 500 keV (at I00 keV we are within 5% of the experimental values). Conspicuous in Fig. 1 is the lack of a
maximum from the CTC component at L>, =: vp. It is apparent that although CTC is a major feature in the 0"
ejected electron spectra, it makes a minor contribution to
the overall ionization process. We also note that the
Born approximation reproduces the angle-integrated
data quite well.
Since it is also clear from Fig. 1 that low-energy ejected electrons dominate the ionization process, as observed
in other system^,'^-'^ a question naturally arises concerning the location of these electrons relative to the two
nuclei. When the two nuclei were Souo apart the postcollision space was divided into three regions of closest
proximity to the projectile, the target nucleus, and the
midpoint between the nuclei. We find most of the electrons in the central region to 200 keV (see Table I); convergence of these results was confirmed at 100ao. It is
clear from Table I that these electrons contribute dominantly to the ionization cross section at intermediate energies. At similar energies the C T M C calculations' for
H + H agree with the quantum-mechanical calculations
of shakeshaft'' for describing the C T C component of

+
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the ejected-electron distribution. Table I is also consistent with the H
H calculations of Winter and in,^
which indicate the importance of saddle-point electrons
at low collision energies.
To elucidate further the saddle-point ionization mechanism, we have made measurements of electron energy
spectra at 17' and 25" for proton-helium ionizing collisions with incident proton energies of 60, 100, and 150
keV. The apparatus has been described earlier.19 The
proton beam was tightly collimated and crossed an
effusive helium target in single-collision conditions. The
electron energy analyzer is of the parallel-plate type, and
can be used at angles of 0°, by virtue of an aperture in
the analyzer back plate, or at angles between 17" and
120°, a range dictated by analyzer and chamber
geometry. The entrance aperture of the analyzer defines
an acceptance angle of
4.5". The magnetic field in
the interaction volume was reduced to less than 10 mG
by Helmholtz coils and Mu-metal shields. Possible
effects due to contact potentials, electron absorption in
background gas, and a neutral beam fraction were studied and shown to be negligible. The relative detectoranalyzer efficiency versus electron energy was calibrated
by normalizing to the 150-keV-energy spectrum at 30"
of Rudd and Jorgensen.' Absolute error bars in our data
are derived from the absolute errors discussed by Rudd
and Madison1'; relative errors in our energy spectra are
less than 10%.
In Fig. 2 we compare the C T M C calculations and our
measurements at 100 keV to the absolute cross sections
of Rudd and Madison" and interpolated data from
Rudd and ~ o r ~ e n s e nfor
' electrons ejected at 13.6 eV
(re = 0 . 5 0 ~ . ~30
) , eV (L.,
=0.74~>,),54.4 eV (re = r p ) , and
100 eV (I?,= 1 . 3 6 ~ ~ )The
.
classical calculations agree
with the measurements to 35% for angles 1 3 5 50°, with
the differences increasing to a factor of 2 at larger
angles. Plane-wave Born-approximation calculations9~"
are available for 13.6, 30, and 100 eV ejected-electron
energies at 100 keV. Such a single-center calculation is
clearly inadequate to describe the saddle-point electrons,
as can be seen from the 13.6-eV (L,,= 0 . 5 0 ~ $and
~ ) 30-eV
(re =0.74rp) results in Fig. 2. However, the classical

++

*

TABLE I. Calculated ejected-electron flux after the collision assigned to the three regions of closest proximity to the
target nucleus, midpoint between the nuclei, and the projectile
nucleus.

Electron Energy (eV)
FIG. 1. Energy distribution of ejected electrons integrated
over angle for 100-keV H + He collisions. The solid line with
two typical error bars is the result of our C T M C calculations.
The dashed line is the Born-approximation calculation of Ref.
9. The data points are taken from Ref. 10. The energy (54.4
eV) where the ejected-electron velocity matches the proton velocity is indicated.
+
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FIG. 2. Doubly differential cross sections for the angular
distributions of electrons ejected in 100-keV H
He collisions for 13.6. 30, 54.4, and 100 eV. The filled squares are
absolute values from our classical calculations. The solid lines
serve to guide the eye. The open squares are our experimental
data; the 13.6- and 54.4-eV points are normalized to interpolated values from Ref. 8 at 30'; the 30- and 100-eV data are
normalized to values from Ref. 10 at 20". The open circles are
absolute cross sections from Ref. 9 and interpolated values
from Ref. 8. The dashed lines are the plane-wave Bornapproximation calculations (Refs. 9 and 10) for the 13.6-, 30-,
and 100-eV ejected electrons.
+

+

calculations a r e able t o describe these d a t a and also t h e
C T C component of the scattering that manifests itself as
a sharp rise at small angles for 54.5-eV
= r p ) ejected
electrons. 20
In order to observe clearly the dominant collision
mechanisms, one must make observations at Of OO. By
our doing so, the complications d u e to projectile-centered
phenomena are removed. These phenomena a r e C T C
and the possibility of autoionization in the projectile rest
is due to transfer ionization:
(it,

In Fig. 3 we display absolute doubly differential cross

FIG. 3. Doubly differential cross sections in velocity space
for electrons ejected at 17O for 60-, loo-, 150-, and 200-keV
protons. The filled squares are absolute values from our classical calculations. The open squares are our experimental data,
normalized at I., -- r, to absolute values interpolated from the
data of Ref. 8 (open circles). The open circles at 200 keV are
data of Ref. 9. The horizontal error bars represent uncertainty
in the velocity due to the effects of contact potentials.

sections for electron scattering to 1 7 O plotted in velocity
space for proton energies from 60 to 200 keV. Similar
data a t 25' were observed. Such plots, which are
representative of electron scattering at nonzero angles,
clearly show the importance of the saddle-point electrons
in the electron spectra. T h e calculations displayed in
Fig. 3 are in qualitative agreement in shape and absolute
magnitude with the characteristic saddle-point electron
peak between r , =O and r , = t t , , except a t 60 keV where
the ratio of the proton-to-helium electron velocities are
at the lower limit of the validity of the C T M C method.23
W e note that the maximum of the electron spectra
r , to 0.8 as the
shown in Fig. 3 increases from ~ ~ ~ofl 0.4
proton energy is decreased from 200 to 60 keV. This is
consistent with the results of Table I which demonstrate
the increasing importance of projectile-centered electrons
in the total ionization cross sections.
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We also report the calculated relative contribution to
the total ionization cross section for scattering into a
i l o acceptance angle at O0 and 17"; for a I00 keV proton energy, we have integrated the cross sections over velocity and find a contribution of 2.6x 10-19 c m 2 at O0
and 3 . 6 10
~ - I 8 cm2 at 17". Our calculated total ionization cross section is 9 . 6 l~o - " cm2. This calculation illustrates that a small cross section associated with projectile-centered phenomena can complicate an accurate
theoretical analysis of 0" electron ejection. As an example, the transfer ionization reaction is k n o ~ n ~to' dom. ~ ~
inate the production of projectile-centered electrons for
multiply charged ions colliding with He at 100 keV/u. A
minor component of these events for H + H e collisions
will complicate the analysis of the 0" cusp structure. For
H + H e collisions, the transfer ionization cross sect i ~ isn 8.0x
~ ~ 10 - I 9 c m 2 at 100 keV, and recent measurements by Gibson and ~ e i measure
d ~ ~ the CTC cross
section to be 6.1 x 10-l9 c m 2 at this energy. It should
also be noted that our 0" calculations and measurements
are consistent with the data of Mekbach, Nemirovsky,
and ~ a r i b o t t iand
~ display the asymmetry in the peak
associated with charge transfer to the continuum.
Thus, in conclusion, we have presented calculations
and experimental data that clearly show the importance
of saddle-point electrons in ionizing collisions. These
electrons dominate the collisions to unexpectedly high
energies, yielding characteristic maxima in the velocity
spectra at nonzero angles. This scattering phenomenon
is inherently classical and has been delineated with use
of C T M C calculations.
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